Abstract. In an earlier study, Thampi et al. (2006) have shown that the strength and asymmetry of Equatorial Ionization Anomaly (EIA), obtained well ahead of the onset time of Equatorial Spread F (ESF) have a definite role on the subsequent ESF activity, and a new "forecast parameter" has been identified for the prediction of ESF. This paper presents the observations of EIA strength and asymmetry from the Indian longitudes during the period from August 2005-March 2007. These observations are made using the line of sight Total Electron Content (TEC) measured by a ground-based beacon receiver located at Trivandrum (8.5 • N, 77 • E, 0.5 • N dip lat) in India. It is seen that the seasonal variability of EIA strength and asymmetry are manifested in the latitudinal gradients obtained using the relative TEC measurements. As a consequence, the "forecast parameter" also displays a definite seasonal pattern. The seasonal variability of the EIA strength and asymmetry, and the "forecast parameter" are discussed in the present paper and a critical value for has been identified for each month/season. The likely "skill factor" of the new parameter is assessed using the data for a total of 122 days, and it is seen that when the estimated value of the "forecast parameter" exceeds the critical value, the ESF is seen to occur on more than 95% of cases.
Introduction
The Equatorial Ionization Anomaly (EIA) and Equatorial Spread F (ESF) are two well known daytime and nighttime processes in the equatorial and low-latitude ionosphere thermosphere system. Both these processes have been investigated in quite detail through a number of ground and space based instruments (Rishbeth, 2000 , and references therein).
Correspondence to: S. V. Thampi (smithathampi@yahoo.com) Many of these studies showed that the evolution of ionosphere through the daytime processes like EIA plays an important role in the generation of ESF.
The first indication of the significant role of EIA in the initiation of ESF was given by Raghavarao et al. (1988) , where they showed that the large crest to trough ratio of EIA in the 270-300 km altitude range between 17:00 and 19:00 LT favored the occurrence of post sunset ESF. A similar association between EIA and ESF has also been shown in some later studies (Rama Rao et al., 1997) . Sridharan et al. (1994) demonstrated that there exists a precursor in the OI 630 nm dayglow that represents the EIA strength, which enables the prediction of ESF at least 3 h prior to its actual onset. Using latitudinal distribution of TEC measurements at 20:00 LT it was shown that there is a high crest to trough ratio prevalent on ESF days (Valladares et al., 2001) . It was also pointed out that the best available precursor for pre-midnight ESF is the EIA strength at sunset (Mendillo et al., 2001) . From a limited sample of eight geomagnetically quiet nights, during September 1998, 85% successful "forecasts" had been achieved by them using the strength of the EIA derived from GPS data for predictions. However, they speculated that the GPS derived proxy for electrodynamical vertical drift may turn out to be site and season dependent in its quantitative sense. It was also shown by , using differential TEC profiles, i.e. using the profiles of TEC (at 18:00 h) -TEC (at 20:00 h), that a fully developed pre-reversal enhancement (PRE) of the vertical drift (during nights of ESF activity) is able to reenergize the fountain effect. On similar grounds, Based on the Jicamarca digital ionosonde data and SCINDA 250 MHz scintillation observations obtained by receiving signals from the FLEETSAT-7 geostationary satellite during July 1998-July 1999, Anderson et al. (2004) have demonstrated that there exists a threshold for the maximum E×B drift velocity (between 18:30 and 19:00 LT) of 20 m/s that determines whether or not the subsequent UHF S4 values will be below or above 0.5. Devasia et al. (2002) provided the missing link between EIA and ESF through meridional winds. They showed that during the equinoctial months when the base height of the F layer (h F ) at 19:00 IST is in the range of 270-300 km, the meridional wind should be equatorward for ESF to occur over the equator. However, when h F is >300 km the ESF occurred irrespective of the polarity of the meridional wind. It was suggested that the observed equatorward winds could be an outcome of the pressure bulges associated with Equatorial Temperature and Wind Anomaly (ETWA) (Raghavarao et al., 1993) , which in turn is linked to EIA (Devasia et al., 2002) . Further, it was shown that the threshold h F for the triggering of ESF irrespective of the polarity of the meridional wind has a linear relationship with solar activity Manju et al., 2007) . All these results conclusively established that EIA and ESF are related.
Recently, using the digisonde at Jicamarca and a chain of GPS receivers on the west side of America, it was observed that the seasonal variation in the ESF occurrence is associated with that in the PRE of E×B drift and EIA asymmetry (Lee et al., 2005) . It was shown that the larger E×B drift (>20 m/s) and smaller asymmetry (<0.3) provide a preferable condition for the development of ESF. It was also reported that the seasonal variability of ESF occurrence is associated with those in the PRE E×B drift and EIA asymmetry (Lee et al., 2005) .
In this context, Thampi et al. (2006) combined the effects of the daytime EIA strength and asymmetry in the time interval 16:00-18:45 LT to arrive at a combined parameter (C) that could possibly define the background ionospheric conditions, in relation to the occurrence/non-occurrence of ESF. The parameter thus defined was used to "predict" the possible occurrence of post sunset ESF. Using the dataset spanning from August 2005-January 2006, it was shown that C is systematically higher for ESF days. For that limited data set, representing autumnal equinox and winter of low solar activity period, it was shown that a single threshold value of C=2, clearly separates the ESF days (Thampi et al., 2006) . The present paper describes the results using an extended database covering all the four seasons during a low solar activity period (from August 2005-March 2007), to delineate the seasonal variability of the EIA characteristics and the likely skill factor of the new parameter "C", which can serve as a forecast parameter for the occurrence/non-occurrence of ESF.
Database
The CRABEX receiver located at Trivandrum (8.5 • N, 77 • E, diplat. ∼0.5 • N) basically receives the phase coherent signals of 150 and 400 MHz transmitted from the NIMS (Navy Ionospheric Monitoring System) satellites, and measures the differential Doppler between them. This is a part of the Coherent Radio Beacon Experiment (CRABEX), in which a chain of 6 receivers in the 77-78 • E meridian is being operated, for ionospheric tomography. The details of converting the measured relative phase to the latitudinal profiles of relative vertical TEC is given by Thampi et al. (2005) . For the present study the data for the period August 2005-March 2007 are used. The ESF, in our study refers to the occurrence of bottom side spread F as seen by the co-located ground-based ionosonde at Trivandrum, where the usual time of the onset of ESF is 19:15-19:45 IST (Indian Standard Time, +5.5 UT). In the delayed ESF cases (i.e. beyond 20:30 IST), the ESF observed at the site might be due to irregularities drifting into the field of view (Mendillo et al., 2001 ). However, it should be mentioned here that local conditions would also affect the onset time of ESF, and all the delayed ESF cases may not be due to drifting irregularities. However, since we have no means to discriminate the in-situ generated irregularities from those drifted into the field of view, the delayed ESF cases have not been considered here, since our aim is to quantify the role of background ionospheric conditions in local generation of ESF.
The TEC data in the time interval 16:00-18:45 IST has been chosen for the estimation of the C-parameter, whereas for studying the general features of the EIA, we have used the data in the time interval 11:30-14:30 IST, (as it is known that EIA is fully developed by 13:00-14:00 LT during low solar activity period (Sastri, 1990) ). Owing to the fact that only 3-4 satellites are being tracked, there are days when we do not have data within this specific time span of 16:00-18:45 IST. Further, it is not possible to get the data exactly at the same time on two consecutive days, since the NIMS satellites are polar orbiting. These are the inherent limitations of our data set itself. In the present study, data from satellite passes with maximum off axis elevation >50 • only are selected. For estimating the latitudinal gradients we have used only the part of the data for which the direct elevation angles are >35 • , because the simple sec χ mapping will not hold good for lower elevation angles. This is the case especially in the equatorial and low latitude region, where large gradients in electron density exist.
Results and discussion
The seasonal variability of the EIA is shown in Fig. 1a . Each of the curves in Fig. 1a represents the seasonal mean of the latitudinal profiles of TEC using the data in the time interval 11:30-14:30 IST. It can be seen that during equinoxes, the EIA is the strongest and most symmetric, whereas in both winter and summer solstices, the EIA is much weaker, and significantly asymmetric (with stronger crest at the winter hemisphere), pointing towards the significant role of the trans-equatorial winds. These observations are also consistent with the latitudinal variations of TEC observed earlier, for example using ATS-6 (Davies, 1980 , and references therein). It may be noted that the EIA shows asymmetry about the dip equator even in the equinoctial months. This can be clearly seen in Fig. 1b , which shows the TEC curves for September 2005. The thick pink curve shows the monthly mean. We can see that EIA asymmetry is present to some extent, with significant day-to-day variability. However, when compared to the solstice months, we can see that the crests are stronger and located farther in latitude, whereas in solstice period the winter crest is located closer to the equator. It may be noted that it is this day-to-day variability in the EIA asymmetry, which acts as a proxy for estimating the importance of neutral dynamics in determining the occurrence/non-occurrence of ESF on a given day. It is already known that the amplitude and direction of the thermospheric meridional (trans-equatorial) winds, have a significant control over the occurrence/non-occurrence of ESF on a given day. It has been shown by Maruyama (1988) and Mendillo et al. (1992) that a poleward wind would push the F-region ionization to lower altitudes along the magnetic field lines, which would enhance the conductivities at the lower altitudes, thereby loading the F-region dynamo field and hence the lifting of the F-layer will be inhibited resulting in the subsequent inhibition of the ESF activity. The symmetric/asymmetric nature of EIA has another important consequence also. The wind system related to ETWA, has wind velocity vector upward near the crests, equatorward between the crests and downward (converging) at the trough with the return flow somewhere in the dynamo region, when the EIA crests are symmetric with respect to the dip equator. However, when the EIA crests are asymmetric, with one of the crests significantly weaker than the other, the convergence would be away from the equator, closer towards the weaker crest. In that case, the contribution to downward wind from this ETWA related circulation at the equator would be much less. This could be significant in the context of the occurrence/non-occurrence of ESF. It should be mentioned here that the in-situ measurements and the theoretical simulations had shown that vertical winds have a major role in the growth of ESF (Raghavarao et al., , 1999 Sekar and Raghavarao, 1987; Sekar et al., 1994; Sridharan et al., 1997) . Sekar and Raghavarao (1987) with the ETWA related convergence at the equator, which in turn determines the magnitude of the vertical winds at the equator.
As mentioned earlier, the previous investigations were mostly focused on relating the EIA strength with the ESF occurrence, mainly using data acquired on one side of EIA. The acquisition of TEC data by CRABEX has the advantage of measuring the TEC on both sides of the EIA, which enables to include the effect of asymmetry also. southern directions of the dip equator, estimated from relative TEC measurements. It can be seen that there are several days with ESF, even though the S F values are comparatively low (shaded region in Fig. 2 (top panel)) . Similarly, Fig. 2 (bottom panel) shows that even though the low values of A F favors the presence of ESF, there are several cases with nearly equal values of A F , with some of them being ESF days, while the others are not. It can be seen that we need to consider the combined effects of EIA strength as well as asymmetry. Figure 3a -b illustrates this fact more clearly, where the TEC profiles of ESF and no-ESF days of each month is plotted with their respective averages (if more than one day data is present). Figure 3a shows the TEC profiles of ESF days (8 days) and no-ESF days (2 days) of October 2005 and their respective averages. It can be clearly seen that the average profile of days when ESF occurred is significantly more symmetric than that corresponding to the no-ESF days. Figure 3b shows the TEC profiles of ESF day (only 1 day) and no-ESF days (7 days) of August 2006. We can see that the presence of ESF is favored by a strong and symmetric EIA. However, on one day (29 August 2006, shown as dotted curve), in spite of EIA being comparable to that on the ESF day (28 August 2006), the ESF is absent. The cause of this is not clearly understood. However, we can conjecture that one of the possible reasons could be the absence of "seeding perturbation" at F-region altitudes on this day.
In view of this, Thampi et al. (2006) formulated a new parameter, which incorporates the effects of the EIA strength and asymmetry and "predicts" the occurrence/nonoccurrence of ESF as early as 16:00 IST, which can define the state of the "background ionosphere" conducive for the generation of ESF irregularities much prior to its onset. When the asymmetry of EIA is greater than zero, this parameter has the form
It has been shown that the combined parameter "C" could explain the presence/absence of ESF on the days with similar values of S F (Thampi et al., 2006) . Figure 4 shows the variation of C with day number. It can be seen that even though "C" is systematically higher for ESF days, it has a seasonal variability. It can also be seen that a single threshold value for "C" can be identified for each season, so that when "C" exceeds that particular threshold, ESF is seen to occur on that day. The seasonal dependence of the occurrence of ESF is also evident. Figure 5a shows the monthly mean values of the C-factor for ESF days (Red) and Non-ESF days (Blue), with the corresponding standard deviations for each month. It can be seen that the mean values for the non-ESF days are distinctly lower than those for ESF days. Figure 5b shows the seasonal variation of the mean C-factor. Here also, we can see that the C-factor for the ESF days is distinctly higher than those for non-ESF days. The seasonal averages have been estimated using the entire data set from August 2005 to March 2007, representing the low solar activity period.
Another important point, which is to be studied further, is the absence of ESF activity on the three days even though the "C" values are relatively high (Fig. 4) . Especially on 3 June, even with a "C" value comparable for the ESF occurrence on equinoctial period, there was no ESF occurrence. Instead, blanketing Es was seen to persist over Trivandrum even during 19:45 IST (not illustrated). The occurrence of blanketing Es is also very common during the June-July period in the low-latitude ionosphere over Indian longitudes, in the solar minimum epoch (Devasia, 1976; Devasia et al., 2004) . It is known that for estimating the growth rate, the field-line integrated ionospheric conductivity should be taken into account (Kelly, 1989; Sultan, 1996) . The suppression of ESF activity by the finite E-region conductivity at the off-equatorial region is also reported earlier (Kelley et al., 2002; Abdu et al., 2003) . The integrated E-region Pederson conductivity can be an important parameter in determining whether the bottom side F-layer will be stable against the R-T instability (Hanson et al., 1983) . This particular aspect would be investigated further using a database of the blanketing Es at the off-equatorial region, the post-sunset height rise at the equator and the subsequent ESF activity. Similarly, on 29 August 2006 and 3 February 2007 also we can see that the C-Factor is comparable to that on near by ESF days, whereas the ESF is absent. These are to be investigated in detail considering other factors like the fraction of bottom-side electron content in the absolute TECs, the presence or absence of "seeding perturbation" etc. on these three days. It should also be noted that all the ESF events observed by the ionosonde could not be included in this study because of the unavailability of satellite passes at the required time interval on all days. This points out to the requirement of having more number of beacon satellites.
Conclusion
The observations of the strength and asymmetry of Equatorial Ionization Anomaly (EIA) using a ground-based beacon receiver located at Trivandrum (8.5 • N, 77 • E, 0.5 • N dip lat) for a period spanning from August 2005-March 2007 are presented. It is seen that the seasonal variability of EIA strength and asymmetry are manifested in the latitudinal gradients obtained using the relative Total Electron Content (TEC) measurements. As a consequence, the "forecast parameter" used to predict the occurrence/non-occurrence of ESF on a given day that is derived using the strength and asymmetry of EIA (Thampi et al., 2006 ) also displays a definite seasonal pattern. In the present investigation, this seasonal pattern of the forecast parameter is discussed in detail, for the solar minimum epoch. It can be seen that the threshold values for the forecast parameter, above which ESF is seen to occur is slightly higher for solstice seasons than for equinox season. It should also be noted that over Indian longitudes, the ESF occurrence is generally less during the solstice period than during equinoxes. We have analyzed a total of 122 days (35 ESF days and 87 no-ESF days), among which the occurrence/non-occurrence of ESF was correctly delineated using the C-factor except for three cases, which reiterates the fact that C-factor can serve as a useful forecast parameter for the occurrence/ non-occurrence of ESF.
